ABSTRACT
INTRODUCTION
The complex history of terrane accretion, translation, rotation, and magmatic events that characterizes the development of the North American Cordillera has been extensively studied and described (e.g., Burchfi el and Davis , 1972; Davis et al., 1978; Burchfi el et al., 1992; Cowan and Bruhn, 1992; Irving et al., 1996; Dickinson, 2004) , but the Cretaceous paleogeog raphy of many segments of the North American Cordillera remains unresolved (e.g., Cowan et al., 1997; Haggart et al., 2006) . For example, restoring offset geologic features across Late Cretaceous to Cenozoic dextral strike-slip faults in the Cordillera limits total translation to tens to hundreds of kilometers (e.g., Gabrielse, 1985; Monger, 1991; Umhoefer and Schiarizza, 1996) , but paleomagnetic data suggest as much as 3000 km of northward displacement for terranes now in British Columbia (Wynne et al., 1995; Irving et al., 1996) .
Subduction spanned the west coast of North America during Cretaceous time, creating magmatic arcs and adjacent forearc basins that include the Methow basin in northern Washington, the Ochoco and Hornbrook basins in Oregon and northern California, and the Great Valley basin in California ( Fig. 1; e.g., Burchfi el et al., 1992; Dickinson, 2004) . During the Late Cretaceous, the Blue Mountains, Sierra Nevada Mountains, and Klamath Mountains may have been part of a single, relatively continuous magmatic arc, with the forearc basins associated with these mountain ranges forming one complex forearc basin along the west coast of North America (Nilsen, 1984; Miller et al., 1992) . Wyld et al.'s (2006) 100 Ma reconstruction restores displacement on faults active since 100 Ma, as well as displacements within Late Cretaceous and Cenozoic contractional and extensional belts, bringing the Ochoco and Hornbrook basins together into one connected system, and suggesting that the Methow basin may represent the northern continuation of the combined Hornbrook-Ochoco basin.
These Cordilleran forearc basins may preserve a more complete record of Cretaceous magmatic and tectonic development than the modern, eroded remnants of the arc themselves. Therefore, characterizing the sedimentary provenance of these basins and assessing correlations between Cretaceous basins throughout the Cordillera may help determine the extent of post-Mesozoic terrane translation and test paleogeographic reconstructions. In this paper, we present detailed provenance analysis of the Hornbrook Formation, an Upper Cretaceous overlap assemblage that rests unconformably on Paleozoic, Triassic, and Jurassic rocks of the Klamath Mountains (Figs. 1 and 2; Nilsen, 1993) . Dominantly north-and northeast-directed paleocurrent indicators, together with sandstone petrography, have been interpreted to indicate a Klamath Mountains source of sediment (Nilsen, 1984 (Nilsen, , 1993 Miller et al., 1992) . We present the results of sandstone petrography, detrital zircon U-Pb age and Hf isotopic systematics, and whole-rock Nd analysis throughout the Hornbrook Formation to provide a more detailed and complete provenance signature that records changing sediment sources through time.
Our results suggest that the Klamath Mountains may have provided a signifi cant sediment source only for the lower members of the Hornbrook Formation. The upper Hornbrook Formation provenance records an abrupt shift in sediment sources during the Late Cretaceous, requiring signifi cant sediment input from the main Cretaceous batholith of the Sierra Nevada, located southeast of the basin (Fig. 1) . We suggest that this provenance change occurred as magmatism and deformation shifted to the east with shallowing of Farallon plate subduction (Dickinson, 2004; Liu et al., 2008) , and as the Kula plate separated from the Farallon plate and began moving north through oblique subduction (Woods and Davies, 1982; Engebretson et al., 1985) . Similar provenance and provenance changes in the Late Cretaceous Great Valley Group suggest that the sedimentary strata of both basins record regional tectonic events of the Late Cretaceous Cordillera, and that these basins formed one, single depositional system during the Late Cretaceous, from Santonian through Maastrichtian time.
GEOLOGY OF THE HORNBROOK FORMATION
The Hornbrook Formation rests unconformably on Paleozoic and Mesozoic accreted terranes and plutons of the Klamath Mountains (Irwin, 1981; Nilsen, 1984) and is unconformably overlain by Paleogene sedimentary and volcanic rocks of the Cascade Range (McKnight , 1971) . The Hornbrook Formation is exposed in a northwest-trending belt on the eastern fl ank of the Klamath Mountains and is offset by numerous northeast-trending faults (Figs. 1 and 2). Nilsen (1984) subdivided the Hornbrook Formation into fi ve members, building on the mapping and stratigraphy of previous workers ( Fig. 3 ; Peck et al., 1956; Jones, 1959; McKnight, 1971; Elliott, 1971) . The strata of the Hornbrook Formation record marine transgression in a subsiding basin with deposits grading from fl uvial/alluvial to slope and deep basin plain, followed by minor relative sea-level regressions evident in the upper Hornbrook Formation that shift depositional environments to the outer shelf (Fig. 3) .
The Hornbrook Formation is generally timetransgressive, with deposition occurring as early as late Albian (ca. 102 Ma; time scale of Walker and Geissman, 2009) in the north and continuing into Maastrichtian time (70.6-65.5 Ma; time scale of Walker and Geissman, 2009) in the south (Nilsen, 1993) . Rare marine acritarchs and abundant pollen from the southern Klamath River Conglomerate member yield a middle Cenomanian age (ca. 95 Ma; Jameosannaie and Lindsley-Griffi n, 1993), but no other fossil data have been reported from the basal Hornbrook Formation. Several workers have described an unconformity within the Hornbrook Formation that spans as much as Coniacian and early Campanian time (89.3-78 Ma; Peck et al., 1956; Elliott, 1971) , but Nilsen (1993) reported megaand microfossil ages that indicate the proposed unconformity may be a local erosional feature that is not basinwide.
Sandstone petrography throughout the Hornbrook Formation is relatively uniform (Fig. 4 fi elds of Dickinson et al. (1983;  data from this study; Golia and Nilsen, 1984) . Sandstone petrog raphy reveals a lack of volcanic lithic grains, although the presence of chloritized matrix and calcitization of framework grains suggest that early diagenesis may have altered original unstable volcanic lithic grains (Bywater and Elliott, 2007) . Paleocurrent directions are generally to the north and northeast, with considerable scatter to the northwest (Fig. 3; Nilsen, 1984) .
DETRITAL ZIRCON AGE DISTRIBUTIONS AND HAFNIUM ISOTOPIC SIGNATURES
Nine sandstone samples and one sample of quartzite cobbles were collected from four members of the Hornbrook Formation. Zircons were isolated using standard separation techniques (e.g., Gehrels et al., 2006) . A random subset of zircon grains from each sample was mounted in epoxy and polished to approximately half thickness to expose zircon centers. U-Pb age dating and Lu-Hf isotopic analysis were completed at the LaserChron Center at the University of Arizona, following the methods described in Gehrels et al. (2006) and Cecil et al. (2011) . Discordance is diffi cult to measure in grains younger than 600 Ma due to the small amount of radiogenic Pb in younger zir- Pb ratio of 0.86; Cumming and Richards, 1975) through the data to concordia. For grains older than 600 Ma, only grains with less than 10% discordance were included in the probability density plots shown in Fig Table DR1 1 ). Initial Hf data were collected from selected 130-150 Ma and 85-100 Ma grains in four samples, using laser ablation of the same spot created during U-Pb analysis (all Hf data are given in Table DR2 [see footnote 1]).
The nine sandstone samples are characterized by Mesozoic ages (91%; 679 grains; Fig. 5 (Fig. 7) .
The Rocky Gulch Sandstone and Blue Gulch Mudstone members have very different detrital zircon age distributions than the Osburger Gulch Sandstone and Klamath River Conglomerate members, containing abundant 120-80 Ma grains, fewer 170-130 Ma grains, and 39 (76%) of the 51 total Precambrian grains analyzed in the Hornbrook Formation (Figs. 5 and 6). The youngest age of three or more overlapping grains in the Rocky Gulch Sandstone is 87 Ma (six grains), and the youngest single grain is 83 ± 5 Ma. The youngest age of three or more overlapping grains in the Rancheria Gulch Sandstone Beds is 87 Ma (three grains), and the youngest single grain is 85 ± 1 Ma. Precambrian grains in the Rancheria Sandstone Beds form two broad age peaks at 1300-1500 Ma and 1600-1800 Ma; the two Precambrian grains in the Rocky Gulch Sandstone fall within the 1300-1500 Ma peak. Lu-Hf isotopic analysis of the 85-100 Ma grains in the Rocky Gulch Sandstone sample yields a wide range in ε Hf values, from +13.1 to -9.6 (Fig. 7) .
The Blue Gulch Mudstone sample (07-HB-26) and the Hilt Bed sample of the Blue Gulch Mudstone member (07-HB-21) each contain Early Cretaceous and Middle and Early Jurassic grains, with few or no Late Cretaceous grains, and six Precambrian grains (Figs. 5 and 6). The youngest robust peak in the Blue Gulch Mudstone is 91 Ma (six grains), and the youngest single grain is 90 ± 1 Ma. The youngest robust peak in the Hilt Bed is 106 Ma (seven grains), and the youngest single grain is 104 ± 1 Ma.
WHOLE-ROCK NEODYMIUM ISOTOPIC SIGNATURES
The whole-rock Nd isotopic composition of sedimentary rocks is generally considered to be independent of grain size because Sm/Nd is not signifi cantly disturbed by weathering processes and is similar in most minerals (Goldstein et al., 1984; Linn et al., 1992 Sr values in the Sierra Nevada Batholith, and ε Nd values in the Sierra Nevada Mountains range from -16 in Precambrian metasedimentary country rocks to +8 in primitive oceanicisland arc rocks; plutonic rocks in the Sierra Nevada Batholith range from -7.6 to +6.5, with the most positive values in the western and northern parts of the batholith.
Nd isotopic analysis on eight Hornbrook sandstone samples revealed that older strata have more juvenile (positive ε Nd ) sources, and younger strata have more evolved (negative ε Nd ) sources (Fig. 8) . The three Osburger Gulch Sandstone samples are very similar, with ε Nd values of +4.1 to +4.3. The Ditch Creek Siltstone sample is also Abbreviations: Q-total quartzose grains, including chert and polycrystalline quartz; F-all monocrystalline feldspar grains; L-all nonquartzose polycyrstalline lithic fragments; Qm-monocrystalline quartz grains; Lt-all polycrystalline lithic grains, including polycrystalline quartz.
positive, with ε Nd of +2.7. The ε Nd signatures shift to more negative values in the Rocky Gulch Sandstone and Blue Gulch Mudstone members, ranging from -1.68 to -6.9. The very negative Rancheria Gulch Sandstone beds value (-6.9) is likely infl uenced by signifi cant Precambrian source material, as indicated by the abundant Precambrian detrital zircon in this sample (Fig. 6 ).
DISCUSSION

Hornbrook Formation Depositional Age Constraints
In all Hornbrook Formation samples, the youngest detrital zircon ages provide maximum depositional ages that do not confl ict with biostratigraphy. In the lower two members of the Hornbrook Formation, the youngest robust detrital zircon age is signifi cantly older than available biostratigraphic ages, providing no improvement in depositional age control and permitting signifi cant time for exhumation and erosion of source material before deposition in the Hornbrook basin. The likely Albian to Turonian depositional age of the Klamath River Conglomerate is based on biostratigraphy of the conformably overlying Osburger Gulch Formation, and requires at least an ~30 m.y. lag time between zircon crystallization and deposition in the basin. The 87 and 89 Ma grains in the middle Osburger Gulch Sandstone sample fall within the Turonian to Coniacian (93.5-85.8 Ma; time scale of Walker and Geissman, 2009) depositional age range, and would require Coniacian or later deposition if they represent the true maximum depositional age; however, they could also result from unrecognized Pb loss and therefore do not constitute a robust age peak.
In the upper two members of the Hornbrook Formation, the youngest detrital zircon ages are closer to depositional ages. The youngest robust detrital zircon age in the Rocky Gulch Sandstone member is 86 Ma, limiting deposition to Santonian to late Campanian time (85.8-70.5 Ma). The youngest robust age peak in the Rancheria Gulch Sandstone Beds is 88 Ma, at least 12 m.y. older than the well-constrained late Campanian (76-70.5 Ma) biostratigraphic age. The youngest robust peaks in the Blue Gulch Mudstone member and the Hilt Bed of the Blue Gulch Mudstone member are consistent with late Turonian to Maastrichtian (90.5-65.5 Ma) deposition.
Because of the time-transgressive nature of Hornbrook deposition, these maximum depositional ages do not permit improved basinwide constraints on the extent and duration of a possible disconformity between the Ditch Creek Siltstone and Rocky Gulch Sandstone members of the Hornbrook Formation. 
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Interpreting Hornbrook Formation Provenance
Variability in provenance signatures depends, in part, on the catchment size of drainage systems that delivered sediment to a basin. First-order drainages include small alluvial and fl uvial systems, second-order fl uvial systems drain mountain ranges, and third-order fl uvial and marine systems drain multiple mountain ranges (Ingersoll et al., 1993; Critelli et al., 1997) . Although active magmatic arcs tend to yield uniform sandstone petrography results at any sampling scale due to the similarity of source rocks in these tectonic settings (Ingersoll et al., 1993) , the ages of source rocks may retain more hetereogeneity. First-and even secondorder sandstone may have greater heterogeneity in detrital zircon age spectra, refl ecting diversity in source rock ages and input from small tributaries; third-order sandstone has the potential to include the full range of source rock ages present in the source area for the basin (DeGraaffSurpless et al., 2003) .
Statistical analysis suggests that 117 zircon grains from each sandstone sample must be dated to be 95% certain to detect all ages that represent at least 5% of the source area (Vermeesch, 2004); many detrital zircon studies attempt to analyze 100 grains per sample in an effort to identify all major age populations and their relative proportions in a source region (e.g., Gehrels et al., 2006) . However, even if many more than 100 grains are analyzed, the resulting age spectra may miss source rocks, given that not all rocks yield signifi cant detrital zircon. Zircon solubility in igneous source rocks depends on H 2 O content, melt temperature, and silica saturation (e.g., Watson and Harrison, 1983) , such that zircon generally does not become abundant unless a melt is intermediate to felsic in composition (Poldervaart, 1956 ).
Detrital zircon rarely occurs in samples lacking detrital quartz (Gehrels et al., 2006) , and most detrital zircon is derived from felsic to intermediate igneous rocks and recycled clastic sedimentary or metasedimentary successions (Gehrels, 2000; Dickinson and Gehrels, 2009b; LaMaskin et al., 2011) .
Detrital zircon grains in the Hornbrook Formation are euhedral to subhedral, often display oscillatory zoning characteristic of magmatic growth (Hanchar and Miller, 1993) , are typically larger than 100 μm, and lack visual evidence of inherited cores under cathodoluminescence. Given the large, equant character of Hornbrook Formation detrital zircons, the abundance of Mesozoic detrital zircon grains (91%), and the very limited presence of Paleozoic (2%) and Precambrian (7%) detrital zircons, Hornbrook detrital zircon ages are likely biased toward igneous source rocks, suggesting that relatively few detrital zircons were recycled from older sedimentary and metasedimentary sources. In addition, the lack of volcanic lithic fragments in the Hornbrook Formation (Fig. 4) suggests that volcanic igneous rocks are not well represented in detrital zircon age distributions. Therefore, detrital zircon provenance interpretations presented here are based on correlating ages present in the Hornbrook Formation with plutonic ages in potential source regions, recognizing that detrital zircon may also be derived from coeval volcanic and hypabyssal igneous rocks as well as recycled sedimentary rocks. Our interpretations do not hinge on the absence of grains of a particular age in a detrital zircon age distribution because that absence may be due to catchment size (e.g., Ingersoll et al., 1993) , drainage systems (e.g., DeGraaff-Surpless et al., 2002) , and/or zircon fertility of the source rock (e.g., Moecher and Samson, 2006; Dickinson, 2008a) rather than the absence of rocks of that age in the source region.
Potential Source Regions for the Hornbrook Formation
Based on paleocurrent indicators, cobble composition of the Klamath River Conglomerate member, sandstone petrography, and occurrence as an overlap assemblage on the eastern fl ank of the Klamath Mountains, Nilsen (1993) and others (summarized in Nilsen, 1984) suggested that the Hornbrook Formation sediment was wholly derived from the Klamath Mountains. However, new provenance data presented here require evaluation of all potential source regions for the Hornbrook Formation (Figs. 9 and 10).
Although the Cretaceous confi guration of terranes in the North American Cordillera remains controversial (e.g., Cowan et al., 1997; Haggart et al., 2006) , the Late Cretaceous paleogeography of the California-Oregon region is somewhat better constrained. Proposed Early Cretaceous strike-slip motion in the Great Valley Group (Wright and Wyld, 2007) and Late Jurassic strike-slip motion in the Sierra Nevada Batholith (Lahren and Schweickert, 1994; Grasse et al., 2001 ) occurred before deposition of the Upper Cretaceous Hornbrook Formation, and the Hornbrook basin lies inboard of proposed translated terranes associated with the Baja British Columbia hypothesis (e.g., Cowan et al., 1997) . The Klamath Mountains were displaced westward in Late Jurassic or Early Cretaceous time (Irwin, 1960; Jones and Irwin, 1971; Constenius et al., 2000; Ernst et al., 2008; Batt et al., 2010a) , such that the current confi guration between the Sierran Foothills belt and correlative units in the Klamath Mountains was established prior to deposition of the Hornbrook Formation (Fig. 9) . The Blue Mountains Province in central and eastern Oregon has undergone 60° of clockwise rotation since Jurassic time (Wilson and Cox, 1980; Mankinen, 1984; Mankinen and Irwin , 1990) , and 37.5° ± 9.6° of rotation since Albian time (Housen and Dorsey, 2002) . In their 100 Ma reconstruction, Wyld et al. (2006) held the eastern edge of the Blue Mountains Province fi xed relative to North America, as required by 110-90 Ma intrusions of the western Idaho shear zone (Manduca et al., 1993; Snee et al., 1995) , while restoring the rest of the province 38° counterclockwise. Moreover, Wyld et al. (2006) restored ~50 km of shortening and 40 km of dextral offset in the western Idaho shear zone, shifting the Blue Mountains Province west and south. As a result, the Blue Mountains Province restores to a position adjacent to the Hornbrook Formation at 100 Ma, and provides a potential source of east-derived sediment (Fig. 9) . Terranes of the Blue Mountains Province include Paleozoic and early Mesozoic island-arc and subduction-accretion assemblages that are unconformably overlain by Triassic-Jurassic clastic deposits ( Fig.  10 ; Dickinson and Thayer, 1978; Dorsey and LaMaskin , 2007; LaMaskin et al., 2008 Lallemant, 1995; LaMaskin et al., 2011; Schwartz et al., 2011) . Therefore, if the Blue Mountains remained a topographic high that shed sediment to the west and northwest during Cretaceous time, any catchment area would likely include these widespread sedimentary units, and resulting detrital zircon grains would refl ect derivation from both plutonic sources and recycled sedimentary sources.
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The Idaho Batholith is a largely Late Cretaceous intrusive complex with most magmatism younger than 85 Ma, and up to 120 Ma magmatism recorded along its western and northwestern margins ( Fig. 10 ; Lewis et al., 1987) . Recent U-Pb geochronology of the Idaho Batholith revealed an early metaluminous suite of plutons that are 98-85 Ma in age (Gaschnig et al., 2010) , with ε Hf values that range from -6 to -12 (Gaschnig et al., 2011) . Many of these Cretaceous zircon crystals in the Idaho Batholith contain Precambrian cores (Gaschnig et al., 2010) .
The Black Rock terrane of northwestern Nevada includes Triassic and Jurassic volcanic arc successions that formed part of the continental margin or fringing arc system of the western U.S. Cordillera (Davis et al., 1978; Burchfi el et al., 1992; Wyld, 1996) . The Pine Forest Range, Jackson Mountains, and Bilk Creek Mountains expose a Paleozoic arc system overlain by Triassic to Lower Jurassic arc-derived strata and intruded by Jurassic and Lower Cretaceous plutons ( Fig. 10 ; Jones, 1990; Wyld, 1990 Wyld, , 1996 . Pb-Pb and U-Pb zircon ages from plutons in the Pine Forest Range are 201-185 Ma (Wyld, 1996) , and plutons in the Jackson Mountains are 196-190 Ma and 170-163 Ma (Quinn et al., 1997) . A major Jurassic-Cretaceous unconformity records an episode of uplift that resulted in the erosion of most of the supra crustal strata of the Early Jurassic volcanic system (Quinn et al., 1997; Martin et al., 2010) . Pb-Pb age dates of 125 and 123 Ma were determined from a crosscutting intrusion and an ash-fl ow tuff interbedded with well-stratifi ed Lower Cretaceous sedimentary rocks in the Jackson Mountains (Quinn et al., 1997) .
The Klamath Mountains consist of a series of accreted terranes that include abundant mafi c volcanic and plutonic rocks, chert-argillite-limestone units, metasedimentary rocks, fi ne-grained clastic strata, and ophiolites ( Fig.  10 ; e.g., Irwin, 1960 Irwin, , 1981 Burchfi el et al., 1992; Saleeby et al., 1992; Snoke and Barnes, 2006; Dickinson, 2008b; Ernst et al., 2008 (Todt et al., 2011) .
The separation of the Klamath Mountains from the once-contiguous Sierra Nevada Mountains was likely accommodated through extension (Batt et al., 2010a ) with a component of sinistral strike-slip motion (Ernst et al., 2008) . Thermochronologic study of the Western Klamath Mountains suggests that this separation of the Klamath Mountains from the Sierra Nevada was followed by Early Cretaceous (late Valanginian to late Hauterivian) burial of the western Klamath region that peaked prior to 115 Ma, with sedimentation thicknesses locally reaching 5.4 km while local paleohighs within this Lower Cretaceous basin received little to no sedimentary cover (Batt et al., 2010a) . Rapid cooling related to exhumation of as much as 12 km of the western Klamaths region between 115 and 105 Ma resulted in erosion of Early Cretaceous sediments as well as underlying crystalline basement rocks (Batt et al., 2010a) . Thermochronology of Early Cretaceous plutons in the Eastern Klamath Mountains also indicates a period of Cretaceous exhumation due to top-to-the-south extension along the Trinity detachment surface that continued until ca. 80 Ma (Batt et al., 2010b) . Present surface exposures of Early Cretaceous plutons in the footwall block of the Trinity detachment fault were exhumed from their emplacement depths of 7-10 km to within <4 km of the surface during this Cretaceous extension (Batt et al., 2010b) . Lithotectonic belts of the Sierran Foothills terranes form a complex assemblage of Paleozoic and early Mesozoic arc-related terranes and subduction complexes, and are composed of serpentinized ultramafi c rocks, blueschists, chert-argillite-limestone mélange, metasedimentary rocks, and ophiolites ( Fig. 10; Miller et al., 1992 , and references therein; Snow and Scherer, 2006; Ernst et al., 2008) . These accretionary belts were intruded by plutonic rocks at 205-200 Ma, 173-155 Ma, 142-136 Ma, and 133 Ma (Irwin, 2003 , and references therein). The ε Hf analysis of zircon collected from two Early Cretaceous (138 Ma) plutons in the Foothills arc revealed positive ε Hf values that range from +7 to +19 (Todt et al., 2011) .
The Sierra Nevada Batholith consists of plutons that intruded the North American margin in Jurassic and Cretaceous time (e.g., Evernden and Kistler, 1970; Stern et al., 1981; Bateman, 1983; Saleeby et al., 1989) . The main Cretaceous batholith of the Sierra Nevada Mountains is 125-82 Ma in age (Chen and Moore, 1982; Bateman, 1992; Irwin, 2003) , with a magmatic fl are-up between 100 and 85 Ma that accounted for 78% of the magmatic volume of the California arc (Ducea, 2001) . DePaolo (1981) measured a +6.5 to -7.6 range of ε Nd values for plutonic rocks of the Sierra Nevada Batholith. The ε Hf values measured in 121-103 Ma zircon from the central and western Sierra Nevada Batholith range from +3.9 to -6.9 and become more negative with time (Lackey et al., 2010) , but additional Hf data for younger Sierra Nevada Batholith rocks are not yet available. Van Buer et al. (2009) noted that after removing Cenozoic cover rocks and extension, the Sierra Nevada Batholith appears to have been continuous across northwestern Nevada during the Cretaceous, trending north-northeast and intruding older, backarc basin deposits (Fig. 9) . The nowburied northwestern edge of the Cretaceous batholith has been imaged seismically in northwest Nevada (Lerch et al., 2007) . Precambrian ages obtained from quartzite cobbles in the Klamath River Conglomerate (Fig. 6 ) are typical of a northwestern Laurentian cratonal signature (cf. Grove et al., 2008) . These Precambrian age distributions are not unique (LaMaskin, 2012) , and match well with detrital ages found in the Antelope Mountain Quartzite of the eastern Klamath terranes (Wallin et al., 2000) , quartzose sedimentary rocks in the Eastern Hayfork terrane of the Klamath Mountains (Scherer et al., 2010) , and the Shoo Fly complex and overlap assemblage in the Sierran Foothills belt (Harding et al., 2000; Spurlin et al., 2000) . Detrital zircon ages in the Blue Mountains Province and the Black Rock terrane also overlap with the Klamath River Conglomerate cobble ages (Darby et al., 2000) , but these regions are not characterized by quartzite units and therefore are not considered likely sources here.
Hornbrook Formation Provenance
Although the detrital zircon age and Hf results permit Klamath River Conglomerate provenance in either the Klamath Mountains or the Sierran Foothills belt, we prefer a Klamath Mountains source for the following reasons: (1) the fl uvial to alluvial depositional environment and angular cobbles in the conglomerate indicate a proximal source, and (2), onlap of the Klamath River Conglomerate on Klamath Mountains basement, sandstone petrography, conglomerate clast compositions, and north-to northeast-directed paleocurrent indicators all suggest a source in the Klamath Mountains (Fig. 11A) . Mid-Cretaceous exhumation of the Klamath Mountains due to regional extension (Batt et al., 2010a (Batt et al., , 2010b ) may have created regional topography within the previously low-lying eastern Klamath terranes that resulted in north-northeast-directed transport and deposition of locally derived conglomerate and sandstone into the newly subsiding Hornbrook basin, as well as signifi cant south-directed transport into the Great Valley forearc basin. A sample obtained from sandstone of the Lower Cretaceous Platina petrofacies (JC04-07) of the northern Great Valley Group contains an age distribution very similar to the southernmost Klamath River Conglomerate sample (06-KS-04); both samples contain a large Early Cretaceous peak at 141 Ma and few Jurassic and Precambrian ages (Fig. 12) . As in the Klamath River Conglomerate sample, 135-150 Ma detrital zircon grains in the Platina petrofacies have positive ε Hf values that range from +6 to +12 (Todt et al., 2011) , similar to the positive ε Hf values of Early Cretaceous plutons within the eastern Klamath terrane.
The Osburger Gulch Sandstone member may also have Klamath Mountains and/or Sierran Foothills belt provenance, but it may have received some sediment from additional source regions that were located east and southeast of the Hornbrook basin (Fig. 11B) . Like the Klamath River Conglomerate, the Osburger Gulch Sandstone has abundant Early Cretaceous grains with positive ε Hf values (+9 to +13) that match well with plutons in the Klamath Mountains, Sierran Foothills belt, and Blue Mountains Province, but paleocurrent indicators are more varied than in the Klamath River Conglomerate, with sediment transport from the southeast, south, and west (Fig. 3) . The whole-rock ε Nd values for the Osburger Gulch Sandstone (+4) are slightly more positive than the main Cretaceous Sierran Batholith, but they overlap with values measured in the Boxer petrofacies of the Great Valley Group (Fig. 8) , which is interpreted as derived from the Sierran Foothills belt (Ingersoll, 1979 (Ingersoll, , 1983 Linn et al., 1991 Linn et al., , 1992 DeGraaff-Surpless et al., 2002) The Osburger Gulch Sandstone member also contains 11 grains that are 87-130 Ma, which are younger than the youngest ages found in the Klamath Mountains (Shasta Bally Batholith; 136 Ma; Lanphere and Jones, 1978) and Sierran Foothills belt (Irwin, 2003) . Moreover, all three Osburger Gulch Sandstone samples contain many Early Jurassic zircon grains that do not occur in the Klamath River Conglomerate (Fig. 5) . LaMaskin et al. (2011) noted that Early Jurassic plutons are not common in the U.S. Cordillera and concluded that Early Jurassic grains found in Middle and Upper Jurassic strata within the Blue Mountains Province were derived from the Black Rock terrane or recycled through Jurassic erg deposits. The Early Jurassic grains in the Osburger Gulch Sandstone thus may also be derived from the Black Rock terrane. The lack of pre-Mesozoic grains in the Osburger Gulch Sandstone age distributions suggests that these Early Jurassic grains probably were not derived from Jurassic clastic rocks or interbedded volcanic units in the Blue Mountains, nor were they recycled from Jurassic erg deposits. Although it is possible that the Osburger Gulch Sandstone provenance was entirely within the Sierran Foothills belt and areas to the east, paleocurrent data are consistent with a component of continued input from the Klamath Mountains. Limited data from the Ditch Creek Siltstone member preclude detailed provenance interpretation, but whole-rock ε Nd values are positive (+3), similar to those in the underlying Osburger Gulch Sandstone and in the Boxer petrofacies of the Great Valley Group (Fig. 8) , and may indicate similar provenance (Fig. 11C) . The Rocky Gulch Sandstone member and the Rancheria Gulch Sandstone Beds in the lowermost Blue Gulch Mudstone member are remarkably similar in their Mesozoic detrital zircon age distributions, and they mark an abrupt shift in age distributions from the lower members of the Hornbrook Formation (Figs. 5  and 6 ). Cretaceous grains younger than 126 Ma comprise 55% and 66% of the Rocky Gulch Sandstone and Rancheria Gulch Sandstone Beds, respectively, and include large Late Cretaceous peaks; in contrast, less than 3% of grains in the Osburger Gulch Sandstone member are younger than 126 Ma, and no grains younger than 133 Ma were found in the Klamath River Conglomerate member. The abundance of Cretaceous grains and the large 85-100 Ma peak in these samples are consistent with a source in the main Cretaceous Sierran Batholith, including the now-buried northeastern extension of the batholith (Figs. 9 and 11D; Van Buer et al., 2009) . Paleocurrent data indicate sediment transport from the west, south, and southeast for the Rocky Gulch Sandstone member, and transport from the southeast for the Rancheria Gulch Sandstone Beds (Nilsen, 1993) . The Late Cretaceous peak matches the timing of the largest magmatic fl ux episode in the Cretaceous batholith (Ducea, 2001) , and whole-rock ε Nd values from the Rocky Gulch Sandstone member and Rancheria Gulch Sandstone Beds plot within the ε Nd range of the Sierran Batholith (DePaolo, 1981) and overlap with ε Nd values measured in Great Valley Group petrofacies derived from the Sierran Batholith ( Fig. 8 ; Linn et al., 1991 Linn et al., , 1992 . The 98-85 Ma early metaluminous suite of plutons in the Idaho Batholith (Gaschnig et al., 2010 ) also matches these Late Cretaceous detrital zircon ages, but we fi nd little evidence of inherited Precambrian cores in the detrital zircon grains, and ε Hf values from the 85-100 Ma detrital zircons in the Rocky Gulch Sandstone vary from +13.1 to -9.6, i.e., more positive than the -6 to -12 ε Hf values reported for similar ages in the Idaho Batholith (Gaschnig et al., 2011 The Rancheria Gulch Sandstone Beds sample contains abundant Precambrian detrital zircon characterized by two broad peaks at 1300-1500 Ma and 1600-1800 Ma (Fig. 6 ). This Precambrian age distribution is distinct from the Precambrian ages found in the Klamath River Conglomerate member quartzite cobbles and sandstone sample, which are characterized largely by grains older than 1800 Ma (Fig. 6) , and does not match well with terranes in the Klamath Mountains and Sierran Foothills belt. The upper Hornbrook Precambrian age distribution is typical of southwestern Laurentian sources (cf. Grove et al., 2008) , and the best match for these Precambrian ages may be in the Nevada portion of the Cordilleran miogeocline (Gehrels and Dickinson, 1995) or in the Black Rock terrane (Darby et al., 2000) . The Rocky Gulch Sandstone sample contains only two Precambrian grains; both grains fall within the 1300-1500 Ma peak in the Rancheria Gulch Sandstone Beds sample (Fig. 6) .
The two Blue Gulch Mudstone member samples from above the Rancheria Gulch Sandstone Beds record a reduction and then loss of the 100-85 Ma peak, complete absence of 130-155 Ma grains, and a return of the Early Jurassic detrital zircon. Sparse paleocurrent indicators in the Blue Gulch Mudstone member indicate sediment transport from the southeast, south, southwest, and west (Nilsen, 1993) . The Early Jurassic grains suggest a return to a source in the Black Rock terrane, and the Middle to Late Jurassic (175-155 Ma) and Early Cretaceous (120-100 Ma) grains could be derived from plutons in the Klamath Mountains or Sierran Foothills belt, and Blue Mountains Province. However, the Late Jurassic to Early Cretaceous ages (150-130 Ma) that characterize the Klamath Mountains and Sierran Foothills belt, as well as Great Valley Group strata derived from these terranes (DeGraaff-Surpless et al., 2002) , are completely absent in the Blue Gulch Mudstone samples, as are signifi cant preMesozoic ages that would be expected if zircon grains were derived from Blue Mountains strata . Given the continued presence of grains younger than 125 Ma, as well as 175-200 Ma, we favor derivation of the Blue Gulch Mudstone member from multiple sources in the Black Rock terrane and Sierran Batholith to the east and southeast of the Hornbrook basin (Fig. 11E) . The whole-rock ε Nd values (~-2) for these two Blue Gulch Mudstone samples are slightly more positive than the Sierran Batholith ε Nd range, but still more negative than Klamath Mountains values (+2 to +8) or the lower Hornbrook samples (+3 to +5), and they may refl ect the result of mixing multiple sediment sources in the Hornbrook basin. The few Precambrian grains fall between 1100 and 1200 Ma and ca. 1700 Ma, but they are not abundant enough to form robust age peaks for more detailed provenance interpretation.
Tectonic Implications of Hornbrook Formation Provenance
Our new provenance data record changing sediment sources for the Hornbrook Formation and demonstrate that the Klamath Mountains could not have been the only or even primary sediment source for most of the Hornbrook Formation members. In fact, only the Klamath River Conglomerate member could have been derived solely from the Klamath Mountains. Lower Jurassic detrital zircons are abundant in the Osburger Gulch Sandstone and the Blue Gulch Mudstone member, and are present in all but the Klamath River Conglomerate, requiring addition of a non-Klamath source of sediment by the time of Osburger Gulch Sandstone deposition.
A striking provenance shift occurred between the Osburger Gulch Sandstone and the Rocky Gulch Sandstone with the introduction of abundant Late Cretaceous detrital zircon grains and an abrupt reduction in the number of previously abundant Late Jurassic-Early Cretaceous grains. This provenance change is also recorded by whole-rock ε Nd values that are positive +4.3 to +2.7 in the Osburger Gulch and Ditch Creek Siltstone samples, and more negative (-1.7 to -6.9) The timing of this provenance shift coincides with the intrabasinal unconformity mapped in the Hornbrook Basin based on an erosional contact between the Ditch Creek Siltstone and Rocky Gulch Sandstone members in the type area of the Hornbrook Formation (Peck et al., 1956; Elliott, 1971) , suggesting that this unconformity may be regional in scale and may have resulted from reconfi guration of the basin and its sources at this time. This intrabasinal unconformity spanned as much as late Coniacian to middle Campanian time (ca. 87-77 Ma) in the type section (Elliott, 1971) , although Nilsen (1993) observed that the two members appear to be in gradational contact north and south of the Hornbrook type area.
Although the timing of this provenance shift is poorly constrained, it overlaps with the timing of signifi cant tectonic and magmatic changes in the U.S. Cordillera. Mid-Early Cretaceous extension is documented in the Klamath Mountains (Batt et al., 2010a (Batt et al., , 2010b , Sierran Foothills belt (Boehlke and Kistler, 1986) , and western outcrop belt of the Great Valley Group (Moxon, 1990; Constenius et al., 2000) . Thus, footwall exhumation of the Eastern Klamath Mountains and Sierran Foothills belt along normal faults, combined with subsidence in the developing Hornbrook basin, likely controlled the provenance of the lower Hornbrook Formation. In contrast, changing plate interactions during the early Late Cretaceous may have led to contraction and uplift in eastern and southeastern sources beginning at ca. 90 Ma. With shallowing of the subducting Farallon slab to near horizontal (e.g., Saleeby, 2003; Dickinson, 2004; Liu et al., 2008) , magmatism in the Sierran arc ceased by 82 Ma (Stern et al., 1981; Chen and Moore, 1982) , and a peraluminous magmatic fl ux event occurred in the Idaho Batholith from 80 to 67 Ma (Gaschnig et al., 2010) . Inverse mantle convection modeling predicts that Farallon slab fl attening began at ca. 90 Ma and resulted in a zone of surface compression in the region of the northern Sierra Nevada and northern Nevada from 80 to 65 Ma (Liu et al., 2008) . He zircon data document a rapid midCretaceous exhumation event from 92 to 88 Ma in the western and axial Sierra Nevada Batholith that is also recorded in the eastern Great Valley (Saleeby et al., 2010) , consistent with previously documented changing plate kinematics at ca. 90 Ma (Engebretson et al., 1985; Renne et al., 1993; Tobisch et al., 1995) . Finally, dextral strike-slip faulting began to dissect the Cordi llera at ca. 85 Ma, following the separation of the obliquely subducting Kula plate from the Farallon plate and its subsequent rapid northward motion (e.g., Engebretson et al., 1985; Wyld et al., 2006) . We suggest that Late Cretaceous contraction and uplift shifted the source of sediment to the east and southeast, tapping into the main Cretaceous batholith and potentially the Black Rock terrane during deposition of the upper Hornbrook Formation. The shorter lag time between the youngest zircon crystallization ages and depositional ages for the upper Hornbrook Formation (compared with the lower Hornbrook Formation) is consistent with rapid exhumation and erosion of eastern sources and concomitant sediment input to the Hornbrook basin.
The part of the main Cretaceous Sierra Nevada Batholith closest to the Hornbrook basin would have been the now-buried northeastern extension of the Cretaceous batholith described by Van Buer et al. (2009) (Fig. 11E) .
A Single Hornbrook-Great Valley Basin
Paleocurrent indicators in the Hornbrook and Great Valley Basins suggest that the Eastern Klamath Mountains formed a paleohigh that separated these depocenters (Figs. 11A-11C ) and shed sediment both north and south into the two basins. The Hornbrook Formation and the Great Valley Group may have shared a similar Klamath Mountains source during deposition of the lower Hornbrook Formation during latest Early Cretaceous and early Late Cretaceous time (Albian to Turonian-Coniacian), but they were not part of a single basin. The southern Klamath River Conglomerate sandstone sample is remarkably similar to the Platina petrofacies Great Valley Group sample (Fig. 12) (Linn et al., 1991 (Linn et al., , 1992 , and DeGraaff-Surpless et al. (2002) suggested that a drainage divide within the Sierran Foothills belt limited Boxer petro facies provenance to proximal, western sources. A Klamath Mountains source may also be indicated by the whole-rock ε Nd values from the lower Hornbrook Formation, which overlap the Boxer petrofacies ε Nd values (Fig. 8) .
Provenance data from both the Hornbrook Formation and Great Valley Group record a shift in provenance signatures during the Late Cretaceous, and the previously separate basins may have become integrated during this time (Figs. 11D and 11E As erosion of the western and axial Sierra Nevada followed rapid uplift at ca. 90 Ma and the main Cretaceous batholith experienced contractional tectonics through 78 Ma (Tobisch et al., 1995) , regions further east, such as the Black Rock terrane, may have remained elevated in Coniacian time and perhaps continuing into late Campanian time. Drainage systems and therefore sediment sources for both the Hornbrook Formation and the Great Valley Group would have extended into these elevated eastern sources (Figs. 11D and 11E ). In the Hornbrook Formation, the shift from localized sediment sources in the Klamath Mountains and Sierran Foothills belt to widely distributed sources that included the main Cretaceous batholith is manifested in the appearance of Late Cretaceous detrital zircons derived from these newly uplifted eastern sources, and the reduction and disappearance of Late Jurassic-Early Cretaceous zircons that characterize sediment derived from Klamath-Sierran Foothills belt sources. In the Great Valley Group, source areas also expanded from relatively localized catchments in the Klamath Mountains and Sierran Foothills belt to include the main Cretaceous batholith farther east (DeGraaff-Surpless et al., 2002) ; even Early Jurassic grains from the Black Rock terrane may have reached the Great Valley Group in the Redding and Cache Creek areas.
The Hornbrook Formation has been considered the northern extension of the Cretaceous Great Valley Group forearc basin (Nilsen, 1984; Miller et al., 1992) , and both basins responded to Late Cretaceous tectonic events. The results of our provenance analysis suggest that the two basins shared a similar source in the Klamath Mountains in early Late Cretaceous time, but were not linked into a single depositional system until Santonian time, when sediment sources for both basins shifted to the east, concomitant with uplift in eastern sources and continued subsidence and relative sea-level rise in the expanding Hornbrook-Great Valley forearc basin.
CONCLUSIONS
Our detailed provenance analysis of the Hornbrook Formation generates a new picture of an evolving Hornbrook basin that received sediment from the east and southeast as it deepened, and was likely connected to the Great Valley Basin to the south during deposition of the upper Hornbrook members. Signifi cant provenance shifts within the Late Cretaceous Hornbrook Formation and the Great Valley Group may record changing plate interactions as the Farallon slab angle decreased and magmatism and deformation shifted inland. These new provenance results improve reconstructions of Late Cretaceous paleogeography in Oregon and northern California, a region critical to our understanding of Cordilleran paleogeography (e.g., Wyld et al., 2006) , and add to the limited data available regarding Cretaceous and older geology below the Cenozoic cover in southeast Oregon and northwest Nevada. Finally, this study of the Hornbrook Formation provides baseline information that can be used to compare with coeval sedimentation in other basins that may have undergone extensive translation, or to test tectonic models that place Cretaceous basins in new confi gurations and imply new correlations between them.
